This paper presents an experimental investigation on the effects of output parameters during machining of aluminum alloy 6061-T6 using the minimum quantity lubrication (MQL) technique through end milling processes. In this study cutting speed, depth of cut, feed rate and MQL flow rate are selected as input parameters. Experiments are conducted using the central composite design method. Statistical models for process optimization are obtained using the response surface method. The objective of the study is to investigate and optimize the process parameters employing coated carbide cutting tools; coatings used are TiAlN. For the purpose of the study, surface roughness and material removal rate are selected as response variables. The results of the study show that the inserts coated with TiAlN perform very well, showing good machinability. According to the results of the study, MQL can easily be a suitable eco-friendly alternative to conventional flood cooling conditions. MQL proves to be more beneficial with the application of coated tools in end milling of aluminum alloys.
INTRODUCTION
Dry and near-dry machining operations are the key technology of environment-friendly sustainable manufacturing [1, 2] . The minimum quantity lubrication technique has been serving as the most significant element in sustainable manufacturing since the last decade [3] [4] [5] . It aims at reducing the hazardous effects of coolants on the atmosphere and minimizing the resource consumption during a product's life cycle, which includes design, processing, production, packaging, transport, the use of the product and its disposal [6] . In operations that use traditional flood-cooling methods, coolant handling costs more than the fluid itself. For the wet machining of aluminum castings, for example, coolant-related costs are 10-20% of total machining costs-roughly twice the costs of the cutting tools. But of this, only 25% is for the lubricant itself; the rest goes towards coolant supply maintenance (42%) and operational energy costs (33%). According to [7] , the total costs of cutting fluids incurred during a machining process amount to about 7% to 17% of the total machining cost. Therefore the reduction in the amount of cutting fluids used during a machining process is a direct indicator of sustainable manufacturing [8] . MQL ensures the safety of the environment and the worker and is a cost-effective technique. The objective of MQL is to use the metalworking fluid in such a quantity that the final product, chip and machine remain a dry and safe environment. This amount is usually three to four orders of magnitude less than is normally used in wet machining The typical flow rate for MQL is about 50-500ml/hr [9, 10] . MQL machining has been acknowledged as an alternative to dry and wet machining on account of its eco-friendly distinctiveness. A considerable amount of research in the mentioned field has also established its potential application in many practical machining operations [11] . Machining with MQL has been widely applied in machining processes such as drilling [12] [13] [14] , milling [1, 6, [15] [16] [17] [18] [19] [20] [21] , turning [13, 22, 23] , and MQL grinding [24] [25] [26] [27] [28] .
With the rising global drive towards optimization, sustainable manufacturing is also inclining to manufacturing process optimization. For optimization, not only the use of a reduced quantity of metal cutting lubricants is important but also its optimized quantity. Optimum machining parameters can play a major role in the efficient consumption of machines and materials. In workshop practices the input machining parameters and variables are determined from handbooks and suppliers' data but optimum cutting data is essential for any machining operation for an effective, inexpensive process that is correlated with sustainable development. The objective of this study is to experimentally investigate the machining characteristics of aluminum alloy in end mill processes for flooded and MQL techniques using coated carbide tools.
MATERIALS AND METHODS

Design of Experiments
The machining variables considered in this research are spindle speed, feed rate, depth of cut and the minimum quantity lubricant flow rate. The central composite design approach of response surface methodology is used for the design of experiments in order to find the effects of parameters and combinations of parameters. Five levels of machining variables are selected for the MQL employing a TiAlN-coated carbide cutting tool. Design matrices are shown in Table 1 , respectively. 
Materials Properties
This research is performed to determine the machinability of aluminum alloy 6061-T6 under minimum quantity lubrication. The study of the aluminum alloy workpiece was conducted with different types of cutting tool. To achieve acceptable tool wear, the speed of machining was set to the optimum. Tables 2 and 3 show the chemical, mechanical and thermal properties of AA6061-T6. It is observed that the thermal conductivity is high, which reduces the chance of adhesion during machining. The dimensions of the workpiece used in this study are 100 × 100 × 30 mm. Figure 1 . CNC end milling machine HAAS VF-6. Figure 1 shows the CNC end milling machine HAAS VF-6 used to perform the machining with coated carbide inserts. The experiments conducted are based on the design of experiments mentioned in earlier sections. The minimum quantity lubricant used in this experiment is specially designed cutting oil UNIST 2210, which is a commercial non-toxic, vegetable oil-based cutting fluid. Three nozzles were fixed on the machine spindle and were set 26 degrees approximately from horizontal and 120 degrees apart so that they could cover the whole machining area. Figure 2 shows the MQL system with the coolant used and the nozzle configuration. 
Cutting Tool
The cutting tools used for this experiment are coated carbide cutting tools with PVD coatings TiAlN. According to [29] , coated carbide is suitable for machining because it is possible to employ the carbide-and nitride-based tool materials at cutting speeds that are so low that mechanical wear predominates. The cutting tool, tool holder and insert are shown in Figure 3 and the composition of the carbide inserts is signified in Table 4 . 
RESULTS AND DISCUSSION
The measured values of surface roughness and material removal rate under flood cooling conditions are listed in Table 5 . Corresponding regression coefficients for the surface roughness and material removal rate are given in Table 6 . The measured values of the surface roughness and material removal rate for the two coated inserts with minimum quantity lubrication are given in Table 7 . Corresponding regression coefficients for the surface roughness and material removal rate are given in Table 8 .
Response surface modeling has been used to develop the mathematical models in terms of the machining parameters by using the technique of minimum quantity lubrication. Second-order statistical models have been developed based on the surface roughness and material removal rate results. The material removal rates measured for MQL machining are listed in Table 8 along with the respective designs of experiment. Regression coefficients and analysis of variance is used to check the adequacy. The most significant terms are the quadratic term of depth of cut and the interaction of the feed rate with the depth of cut. The overall regression shows a significant p-value (0.000<0.05). The quadratic model for material removal rate is expressed as in Eq. (2). R 2 -value and lack-of-fit are 99.39% and 0.255, respectively. Flooded better result, where the points in the diagram can be seen to be the lowest in surface roughness at every speed. This means that the surface roughness value is superior in MQL compared to flooded machining. The images also show that with flooded machining the surface roughness increases when the cutting speed increases, while the surface roughness of MQL decreases when the cutting speed increases. Figure 4(b) shows the comparison of MQL and flooded conditions in terms of feed rate, where both are associated with each other's factor but MQL has a better result, where the points in the diagram can be seen to be the lowest in surface roughness compared to the flooded surface roughness. This means that the surface roughness value is superior in MQL, while the flooded condition shows the highest surface roughness value. The flooded machined workpiece has a wavier pattern, composed of more valleys and has a coarser surface finish compared to the minimum quantity lubrication surface finish. The MQL surface finish is smoother and has minimal swirl marks compared to the flooded machining. Figure 4(c) shows comparison of the surface finish of aluminum alloy 6061T6 in terms of depth of cut by using MQL machining and flooded machining, with images taken using the optical microscope. The flooded machined surface finish has a wavier pattern, composed of more valleys compared to the minimum quantity lubrication surface finish. The MQL surface finish is smoother compared to the flooded machining. As the depth of cut increases, the surface finishes of aluminum alloy become rougher. The MQL has a uniform swirled and bright buffed finish, while flooded machining produced a large-pattern matte finish. Figure 5 shows the comparison of predicted surface roughness in flood cooling, MQL (oil) and MQL (nanofluid) conditions with TiAlN-coated inserts. In Figure 5 (a) variations of surface roughness are plotted with respect to cutting speed at a constant feed rate of 379 mm/min and depth of cut of 1.0 mm. Surface roughness in MQL (oil) machining gradually decreases with increasing flow rates. The surface roughness values predicted by the models for MQL machining are lower than those predicted for the flood cooling models. Only for the mid-range of cutting speed, i.e. 5350 to 5450 rpm, the surface roughness for flood cooling shows some improvements on the surface roughness furnished from an MQL flow rate of 0.48 ml/min, while for all the other flow rates, the surface roughness is always lower than the flood cooling predicted values. The variation of surface roughness for flood cooling follows an exact inverse pattern with MQL machining. As depth of cut increases to 2.0 mm ( Figure 5(b) ), the predicted values of the response in flood cooling are higher than those predicted from the MQL models. For a depth of cut of 3.0 mm and feed rate kept at 379 mm/min ( Figure 5(c) ), the surface roughness predicted from the MQL models is lower than the flood cooling values for all values of the MQL flow rate.
Comparison of Predicted Response Variables
Variation of surface roughness with feed rate at constant depth of cut and speed shows a mixed effect (Figure 6 ). For a depth of cut of 1.0 mm and MQL flow rate of 0.48 ml/min the surface roughness predicted by the MQL machining models is higher than those predicted from the models for flood cooling (Figure 6(a) ). As the MQL flow rate increases to 0.65 ml/min and 0.83 ml/min, the surface finish for MQL machining is superior. When the depth of cut is increased to 2.0 mm (Figure 6(b) ), the predicted surface roughness increases in all cases, including flood cooling and MQL conditions. With depth of cut at 2.0 mm and MQL flow rates at 0.65 ml/min and 0.83 ml/min the predicted response is lower than the response from the flood cooling models. When the depth of cut is further increased to 3.0 mm (Figure 6(c) With increasing depth of cut, the variation of predicted surface roughness in flood cooling and MQL machining conditions is plotted in Figure 7 . For a feed rate of 318 mm/min at constant speed, the flood cooling predicted values are higher. The surface roughness predictions show an increasing trend with increasing depth of cut. As the feed rate increases to 379 mm/min (Figure 7(b) ), the surface roughness with MQL machining is higher. At a feed rate of 440 mm/min (Figure 7(c) ), the surface finishes predicted are comparable in both environments, but the MQL flow rate at this feed rate yields a superior surface finish with increasing depth of cut. 
CONCLUSIONS
Machining parameters such as feed rate, spindle speed, depth of cut and MQL flow rate (in the case of MQL machining) play a significant role in the machinability and productivity of a process. In this study, the effects of machining parameters on surface quality and material removal rate are investigated in flood cooling and MQL machining conditions. Second-order regression models are developed and ANOVA is applied for analyzing the experimental data. The results show that surface roughness is considerably affected by depth of cut, followed by feed rate and spindle speed. Surface roughness increases with depth of cut and spindle speed, while it decreases with increasing feed rate. The material removal rate is significantly affected by the interaction of the feed rate and depth of cut, with depth of cut being the most effective parameter on material rate. The results of machining with flood cooling are compared with those from MQL machining and it is concluded that the MQL machining results in very comparable results in terms of surface roughness and material removal rate, although at most of the design points the MQL surface roughness values are much lower than those from flood machining.
